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CARBONATION RESISTANCE OF HIGH VOLUME FLY ASH CONCRETE 
ESTIMATED WITH ACCELERATED AND NATURAL TESTS 
Ivan S. Ignjatović (1), Vedran N. Carević (1)  
(1) Faculty of Civil Engineering, University of Belgrade, Serbia 
 
Abstract 
The reuse of industrial residue streams such as fly ash (FA) can be beneficial both from 
economic and ecological points of view but the durability properties remain the key properties 
to ensure sustainable application of these materials.  
The paper presents the results of accelerated carbonation tests carried out under CO2 
concentration of 1%, 2%, 4% and 16% on high volume fly ash concrete (HVFAC) with 200 
kg/m3 of cement and the same amount of fly ash. Concrete samples were also exposed to 
natural conditions of 0.0471% CO2 in the laboratory and after 21 months carbonation depths 
were measured. The effect of CO2 concentration on the kinetics of the carbonation process 
was analyzed. The suitability of widely used Tuutti’s model for the prediction of carbonation 
depth was tested on designed HVFAC. Based on collected results, modified expression 
derived from this model was proposed in order to secure a more accurate and reliable 
prediction of carbonation depth of HVFAC under natural conditions.  
1. INTRODUCTION AND OBJECTIVES 
One of the most effective options for reducing the environmental impact of concrete is the 
use of high volume fly ash concrete (HVFAC) - concrete containing more than 50% of FA in 
the total cementitious material’s mass [1]. In order to ensure a safe application of these green 
alternatives to cement concrete production, durability properties of HVFAC along with 
existing models for service life prediction must be evaluated.  
Carbonation resistance of HVFAC was a topic of many studies, but there is still a lack of 
consistent results regarding the impact of CO2 concentration during accelerated tests on these 
concretes. The main objectives of this study were to determine the influence of CO2 
concentration on the kinetic of carbonation process in HVFAC during accelerated tests. The 
relationship between carbonation depth at different CO2 concentrations and the time of 
exposure as well as the prediction of carbonation depth in natural conditions based on the 
accelerated tests were determined.  
2.  INFLUENCE OF FA ON CARBONATION RESISTANCE 
The use of FA in the concrete leads to a denser structure due to the formation of additional 
Calcium–Silicate–Hydrate (C–S–H) bond through the pozzolanic reaction. This leads to the 
higher compressive strength and lower porosity of concrete. On the other hand, the use of FA 
in concrete decreases the amount of Ca(OH)2 due to a lower amount of used cement and FA 
pozzolanic reaction [2]. Therefore, a binding capacity of CO2 (the reaction of Ca(OH)2 and 
CO2) will be lower in HVFAC compared to ordinary Portland cement concrete. The result 
will be higher HVFAC porosity and consequently higher carbonation depth [3], [4]. As 
therefore expected, results from the literature show opposite conclusions [2], [5]–[9]. 
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2.  MATERIALS  
For the purpose of this research, HVFA concrete mixtures with 50% of class F FA in total 
cementitious materials mass were prepared and tested. Class F FA was obtained from "Nikola 
Tesla B" power plant in Obrenovac, Serbia. Bulk density of FA was 2075 kg/m3, and the 
mean particle size was 8.53 μm. Fresh concrete mix contained 200 kg/m3 of FA and the same 
amount of cement, 195 kg/m3 of water and 1620 kg/m3 of aggregate. The designed mixture 
provided 28-day compressive strength of fc,28=32.2 MPa and 90-day compressive strength of 
fc,90=42.5 MPa. At the age of 90 days, samples were divided into two groups: one for the 
accelerated carbonation tests and the other for the natural carbonation test (RH 52.2%, 
t=24.0oC and CO2 0.0471%). 
3.  EXPERIMENTAL RESULTS AND DISCUSSIONS 
3.1 Carbonation resistance at different CO2 concentrations 
 
In order to analyze the kinematic of this process, the measured carbonation depths at all 
CO2 concentration levels (1%, 2%, 4% and 16%) are shown as a function of the exposure time 
(7, 14 and 28 days), Figure 1 (left). For all CO2 concentrations, carbonation depth and square 
root of time showed a linear correlation with coefficient of determination (R2) ranges between 
0.779 and 0.891.   
  
 Figure 1. Carbonation depth at CO2 concentrations of 1%, 2%, 4% and 16% versus time: t0.5 
(left) and t0.75 (right) 
Obviously, after 7 and 14 days of exposure HVFAC showed lower carbonation depth while 
after 28 days HVFAC had higher carbonation depth then can be expected by the trendline 
prediction. There was a slower increase of carbonation depth in HVFAC in the first two 
weeks of exposure, which was accelerated after 14 days resulting in higher carbonation depth 
compared to predictions. That raised the question regarding the reliability of predictions 
formed on the assumption that the relationship between carbonation depth and square root of 
time is linear, which is common for ordinary Portland cement concrete. 
During the carbonation depth measurements a change in the carbonated front shape was 
noticed in HVFAC samples. Until 14 days carbonated zone was uneven and jagged (Figure 
2a,b). The reason may lie in the fact that in HVFAC pozzolanic reaction consumes a part of 
available Ca(OH)2 most likely in an uneven extent. This allows the CO2 to penetrate faster in 
some parts of the concrete sample where Ca(OH)2  is lacking. As the process took place over 
time, carbonation of the C-S-H bond occurred leaving a more flat and deep front (Figure 2c).  
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 Having this in mind, a conclusion can be made that a linear relationship between the 
carbonation depth and square root of time (t0.5) was not appropriate for HVFAC. Instead, 
functions considering t0.75 as a parameter showed a much better correlation with measured 
results, Figure 1 (right). Coefficient of determination in this case for all CO2 concentrations 
ranged from 0.900 to 0.976.    
 
Figure 2. Carbonation depth at 4% CO2 concentration and at the age of 7, 14 and 28 days 
Carbonation depth in natural conditions at a certain time can be calculated based on the 
carbonation depths measured in accelerated tests by applying the equation: 
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where exponent n takes the value 0.5 for Portland cement concrete [10] or 0.75 for HVFAC as 
it is proposed here. In order to approve that, values of the measured carbonation depth for 
HVFAC after 21 months of exposure in natural conditions (8.13 mm) were compared to the 
values based on the accelerated test measurements at different CO2 concentration levels, 
Figure 3.  These calculated values were obtained using Eq. 1. 
 
Figure 3. Calculated and measured carbonation depth of HVFAC after 21 months of exposure 
in the natural conditions 
Calculated carbonation depths using n=0.75 showed better correlation to the measured 
value under natural exposure conditions. The best results were obtained with the lowest CO2 
concentration of 1%. In that case, the calculated value was 7% higher than the measured 
value. Calculated values based on accelerated tests at 2% and 4% CO2 were 14% and 17% 
lower than the measured ones, respectively. The only value of the estimated depth that 
significantly deviates from the measured value is the one calculated with concentration of 
16% CO2 and it was 36% lower than the measured value. 
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5. CONCLUSIONS 
Based on the conducted measurements of carbonation depth of HVFAC and performed 
calculations, the following conclusions can be made: 
 Linear relationship between the carbonation depth and square root of time (t0.5) was not 
appropriate for tested HVFAC. New proposed function (t0.75) had a better correlation with 
the measured results, for all applied CO2 concentrations.   
 With the increase in CO2 concentration, carbonation depth increased, but carbonation 
process slowed down. 
 Prediction of carbonation depth at a certain time and under certain exposure conditions 
cannot be performed based on the laboratory measurements at high CO2 concentration 
(16%). CO2 concentration up to 2% can be used to predict the carbonation depth using Eq. 
1 for all tested concretes in sheltered exposure conditions. The discrepancy of the results 
was up to 17% compared to measured values. 
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